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INTRODUCTION 
The use of adhesive bonding for the assembly of aircraft 
structure is desirable because of the associated benefits of 
reduced weight, decreased parts count and increased fatigue 
life. The inability to fully characterize the nature of the 
bondline has been a limiting factor in applying this 
technology to the manufacture of primary aircraft structure. 
One such obstacle is the resolution limitation that has 
existed for the non-destructive measurement of bondline 
thicknesses. Up to the present time, ultrasonic methods have 
been limited in practice to a resolution approximately equal 
to the wavelength of the energy pulse employed. For a 15 MHz 
transducer, the highest frequency generally incorporated into 
off-the-shelf inspection equipment, this equates to a lower 
measurement limit of about 0.006". For the FM-73 adhesive 
system used in this investigation, the acoustic velocity is 
90,600 inches per second [1]. The lower resolution limit 
will vary somewhat as a function of this speed. This 
limitation presented a problem because previous research had 
shown that the lap shear strength of aluminum bonded 
structure was maximized in bondlines between 0.002" and 
0.006" [2]. Furthermore, for bondlines of less than 0.002", 
the lap shear strengths dropped off dramatically as 
illustrated in figure 1. The data presented is for elevated 
service temperature for an aircraft application. The trend 
shown is equally as valid for room temperature and at -67 
degrees Fahrenheit. clearly then, to guarantee the 
manufacture of a high strength, minimum weight structure 
while still assuring that a sufficient quantity of adhesive 
was present, it was necessary to establish a non-destructive 
inspection process, usable in production, that could quickly 
and accurately discern bondlines in the 0.002-0.006" range. 
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Fig. 1. FM-73 Lap Shear strength vs. Bondline Thickness 
This was accomplished using ultrasonics in both through-
transmission (UTT) and pulse-echo modes. utilizing a 
Panametrics model 5600 ultrasonic analyzer, specially 
designed contact transducers in the 50-100 MHz range and a 
Tektronix model 7854 digitizing oscilloscope, ultrasonic 
waveforms were captured and analyzed using a computer program 
developed by the authors. Key peaks associated with 
reflected energy paths through the structure were identified. 
Using through-transmission, bondlines were calculated by 
comparing the time delay shift between a waveform captured 
from a known standard and the waveform of an unknown. These 
standards were created to simulate single, double and triple 
bondline sandwich structure manufactured from 2024-T3 
aluminum sheet and FM-73 adhesive. The process when 
automated, allowed for the quantitative non-destructive 
inspection of bondlines at a production rate, one point every 
5 seconds on average. In practice the techniques developed 
enabled practical measurements to be made for bondlines 
thinner than 0.001". Using pulse-echo methods, the elevated 
frequencies coupled with reduced noise in the signal also 
allowed for measurement of bondlines thinner than 0.001". In 
a production mode, the pulse-echo technique enabled 
inspection at the rate of one point per second. 
THEORETICAL DISCUSSION, ULTRASONIC THROUGH-TRANSMISSION CASE 
The UTT non-destructive measurement of bondline thickness has 
traditionally incorporated measurement of the time delay 
between two waveform peaks. Figure 2 depicts an aluminum 
bonded standard with captured UTT waveform. The first two 
spikes of interest represent, respectively, energy that 
travels without reflection and energy which reflects once 
within the bondline. These paths are pictorially correlated 
by the arrows within the standard. Knowing that the later 
reflection travels through an additional two bondlines in 
distance, and knowing the acoustic speed in the adhesive, one 
can easily calculate the bondline thickness by measuring the 
time delay between peaks. Acoustic speed for the adhesive is 
usually available from manufacturer's data or can be 
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Fig. 2. Single Bondline Standard with Captured UTT Waveform 
calibrated by using such a standard of known bondline 
thickness. The lower limit associated with the measurement 
of bondlines in this traditional way is caused by the masking 
of the reflected bondline peak by the first major peak of the 
waveform representing the arrival of the least attenuated 
energy back to the oscilloscope. The novel approach used in 
this investigation circumvented this shortcoming by taking 
advantage of the information provided by the overall time 
shift of the ultrasonic signal between a standard and an 
unknown. The difference represents the delta time for the 
signal to travel through the unknown as opposed to the 
standard, and is totally accounted for by the difference in 
overall thickness of the specimens. By using the multiple 
reflections identified in figure 2, a set of simultaneous 
equations was written and solved for the component of the 
time delay shift due to the difference in bondline thickness 
alone. Referring to the single bondline standard of figure 
2, the thicknesses of the aluminum adherend sheets are given 
as J and G. The bondline thickness is given as K. The time 
delays between signal peaks are given as B for the time 
between the arrival of the initial pulse and the arrival of 
the first bondline reflection, L for the time between the 
arrival of the initial pulse and the first reflection of the 
thinner aluminum sheet, H for the time between the arrival of 
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the initial pulse and the first reflection of the thicker 
aluminum sheet, D for the time for the signal to travel from 
the left edge of the CRT until the arrival of the peak of the 
initial pulse and M as the time for the signal to reach the 
left edge of the screen. Since all times except for M can be 
measured directly from the screen, M must be calculated. If 
the acoustic velocity in the bondline is Vb and the acoustic 
velocity in aluminum is Va then the following time equations 
apply for the various peaks of the captured signal: 
M + D G/Va + K/Vb + J/Va ( 1) 
M + D + B G/Va + 3K/Vb + J/Va (2) 
M + D + L 3G/Va + K/Vb + J/Va (3) 
M + D + H G/Va + K/Vb + 3J/Va (4) 
These can be reduced to: 
M = (L + B + H - 2D)/2 (5) 
As long as the horizontal time sweep controls on the 
oscilloscope remain fixed, M will be a constant. Figure 3 
shows an unknown where the nomenclature for the built-up 
layers is slightly changed from the standard. Parallel logic 
can be used to derive the yalue for M, except that the value 
Q is an unknown. By substituting the expression for M from 
equation (5), an expression for Q can be derived as follows: 
M + D1 P/Va + Q/Vb + R/Va (6) 
M + D1 + L1 3P/Va + Q/Vb + R/Va (7) 
M + D1 + B1 P/Va + 3Q/Vb + R/va (8) 
M + D1 + HI P/Va + Q/Vb + 3R/Va (9) 
M + D1 (L1 + B1 + H1)/2 (10) 
B1 = (L - L1) + (H - HI) - 2 (D - D1) + B ( 11) 
Q = Vb {(L - L1) + (H - HI) - 2(D - Dl) + B}/2 (12) 
Equation (12) is a powerful result because it shows that the 
unknown bondline can be derived from the differences in 
waveform time shift from the standard to the unknown. The 
unknown bondline need not be identified on the screen of the 
scope. This allows for the measurement of very thin 
bondlines, the reflection of which may be masked by the width 
of the peak of the initial signal. Hence the factor which 
was cause for the lower limit of measurement of bondline 
thickness has been circumvented. This approach applies to 
multiple bondline structures also where all but one of the 
bondlines are known. For structure with two bondlines, 
parallel analysis to that given for the single bondline case 
would yield the following equation for calculation of the 
unknown bondline thickness, Sl: 
Sl (Vb/2){(L + H + N + B + C - 2D) 
- (LI + HI + Nl + Bl - 2Dl)} (13) 
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where, 
Band C 
D and D1 
L, Hand N 
Ll, HI and Nl 
B1 
and 81 
are the known bondline delay times in 
the standard 
are the known screen delay times in the 
standard and unknown respectively 
are the known delay times of aluminum 
adherends in the standard 
are the known delay times of aluminum 
adherends in the unknown 
is the known bondline delay time in the 
unknown 
is the unknown bondline thickness. 
It should be noted that for multiple bondline structures, 
this method cannot distinguish which bondline is closest to 
which surface. The waveform would be identical in the UTT 
mode regardless of which side the sending transducer is 
placed. For the triple bondline case where two of the 
bondline thicknesses are known, the third is derived to be: 
81 = (Vb/2){(L + H + N + K + B + C + F - 2D) 
- (Ll + HI + Nl + Kl + B1 + F1 - 2D1)} (14) 
where, 
B, C and F are the known bandline delay times in the 
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standard 
D and D1 are the known screen delay times in the 
standard and unknown respectively 
L, H , Nand K are the known delay times of aluminum 
adherends in the standard 
L1, H1, N1 and K1 are the known delay times of the 
aluminum adherends in the unknown 
B1 and F1 are the delay times of the two known 
bondlines in the unknown 
and Sl is the unknown bondline thickness. 
In practice, the applicability of equation (14) will occur 
most frequently when the two outer bondlines have been 
measured from both outer surfaces using pulse-echo techniques 
and the thickness of the central bondline is the unknown. 
The next section describes the theory of the pulse-echo 
approach developed during this investigation. 
THEORETICAL DISCUSSION, ULTRASONIC PULSE-ECHO CASE 
The use of higher frequency transducers increased the 
ability to measure thinner bondlines. Figure 4 shows a 
schematic of how a captured 50 MHz ultrasonic pulse-echo 
waveform relates to the various reflection paths within a 
single bondline. The peaks of interest are (a) and (b) which 
represent the first and second aluminum-adhesive interface 
reflections respectively. The figure shows the time 
separation of these peaks for a bondline which is 0.008" 
across. As the frequency of the transducer used increases, 
the width of the (a) signal spike decreases thus giving 
better resolution (separation) of the two peaks. 
Additionally as the bondline gets thinner, the (b) peak will 
move closer to the (a) peak. It can be judged by inspection 
that if the bondline were about 0.002" (1/4 of that in the 
schematic) then the peaks (a) and (b) would start to join one 
another. It can be verified mathematically that this should 
be the theoretical lower limit of resolution for this 50 MHz 
frequency transducer. Dividing the acoustic velocity given 
for FM-73 adhesive by the transducer frequency yields a 
wavelength of about 0.0018". In fact, due to the clean 
narrow band signal of the transducer used, this turned out to 
be the practical limit of resolution also for a 50 MHz 
frequency. (With a 100 MHz transducer, readings of bondline 
thickness of less than 0.001" were made.) As with the 
ultrasonic through-transmission case , software was written to 
identify these key peaks and automatically generate a 
bondline measurement readout on the scope CRT. Due to the 
attenuation of the reflected signal within the adhesive, as a 
general rule it becomes impractical to measure any bondline 
except those closest to the surface in contact with the 
transducer. For a double bondline structure this means both 
bondlines can be measured, one for each side of the 
structure. For structures with three bondlines or more, only 
the outer two bondlines can be reasonably inspected with 
pulse-echo methods. In conjunction with the ultrasonic 
through-transmission approaches discussed previously this 
means that each bondline in a triple bondline structure may 
be measured non-destructively. 
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Fig. 4. Typical Single Bondline Pulse-Echo Waveform 
CORRELATION WITH OPTICAL READINGS 
pre-production specimens of a bonded wing skin assembly 
were used to test the accuracy of the methods developed. The 
pulse-echo method was employed for these tests. 14 thickness 
measurements were taken non-destructively from each panel at 
specific locations along the structure. Each panel was then 
cross-sectioned and the edges polished. Optical measurements 
using a Tukon microscope were made as close as possible to 
the point of non-destructive inspection. The results of 
these readings for one typical panel are summarized in table 
1. The readings compared very well with a correlation 
coefficient of 95.6%. The remaining 4.4% variation was 
mostly due to the uncertainty associated with identifying the 
exact NOI inspection point. For the 14 points in table 1, 
the mean difference between ultrasonic and optical thickness 
measurement was 0.393 mils with a standard deviation of 0.236 
mils. Similar results were obtained from all panels tested 
verifying the accuracy of the techniques developed. 
SUMMARY OF RESULTS - THROUGH-TRANSMISSION 
1. For single bondlines and double bondlines with one 
unknown bondline thickness, the unknown bondline thickness 
can be inferred theoretically from zero to infinity. The 
practical range achievable is limited by the smallest 
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Table 1. Correlation Between Ultrasonic and optical Readings 
Point 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
Typical Pre-Production Panel 
Measurement 
Ultrasonic 
5.3 
3.4 
4.4 
2.3 
9.3 
7.8 
8.0 
5.5 
6.6 
3.2 
3.1 
3.3 
2.8 
3.7 
in Mils 
optical 
5.0 
4.0 
4.0 
3.0 
9.5 
8.0 
8.0 
6.0 
6.5 
4.0 
3.5 
2.5 
2.5 
3.5 
Delta 
0.3 
0.6 
0.4 
0.7 
0.2 
0.2 
0.0 
0.5 
0.1 
0.8 
0.4 
0.8 
0.3 
0.2 
Avg. Delta - 0.393 Mils, S.D. - 0.236 Mils 
realizable pulse width (thin bondlines) and signal 
attenuation of reflections (thick bondlines). For double 
bondline structures, the graphic display may show the second 
bondline signal ahead of the first on the time basis. 
2. For triple bondlines, one unknown bondline can be 
theoretically calculated, if the other two bondline 
thicknesses are known. Again, the bondline signals may not 
be in sequence. 
3. The proper alignment of transducers is difficult to 
achieve manually which accounts for an average time of 5 
seconds to get a measurement at a single point. 
4. Special computer software has been developed for the 
single bond1ine case which gives a CRT display of the unknown 
bondline thickness without operator inspection of the 
waveform signal. 
SUMMARY OF RESULTS - PULSE-ECHO 
1. Single bondline thicknesses have been non-
destructively measured in the range of 0.0009" to 0.042". 
Thicker and thinner bondlines are measurable, limited in 
practice, only by signal attenuation and pulse width. 
2. For a double bondline case, the thickness of the 
second bondline can be determined by measuring from the 
opposite side of the test piece. 
3. The measurement is not affected by the thickness of 
aluminum alloy adherends in the range of 0.010" to 1.100". 
4. computer software has been developed which automates 
the process enabling inspection of one point per second. 
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